Abstract The leading cause of bridge failure has often been identified as bridge scour, which is generally defined as the erosion or removal of streambed and/or bank material around bridge foundations due to flowing water. These scour critical bridges are particularly vulnerable during extreme flood events, and pose a major risk to human life, transportation infrastructure, and economic sustainability. Retrofitting the thousands of undersized and scour critical bridges to more rigorous standards is prohibitively expensive requiring effective yet economical countermeasures. This research tested the efficacy of using approach embankments as intentional sacrificial ''fuses'' to protect the bridge integrity and minimize damage during large flow events by allowing the streams to access their natural floodplain and reduce channel velocities. This countermeasure concept was evaluated using the Hydrologic Engineering Center's River Analysis System models. Steady flow models were developed for three specific bridges on two river reaches. Streamflow return period estimators for both river reaches were developed using Bayesian analysis and available United States Geological Survey stream gauge data to evaluate sacrificial embankments under non-stationary climatic conditions. The use of sacrificial embankments was determined to be a cost-effective scour mitigation strategy for bridges with suboptimal hydraulic capacity and unknown or shallow foundations. Additional benefits of sacrificial embankments include reductions in upstream flood stage and velocity.
Introduction
Scour is the primary cause of bridge failures in the USA (Kattell and Eriksson 1998) and other parts of the world. Melville and Coleman (1973) report 31 case studies of scour damage to bridges in New Zealand, of which 13, 8, 4, and 6 cases were primarily attributed to pier failure, erosion of the approach or abutment, general degradation, and debris flow or aggradation, respectively. The Federal Highway Administration (FHWA) Bridge Scour Evaluation Program reports that as of 2011, the USA has over 23,000 (4.7%) scour critical bridges, and over 40,000 (8.3%) bridges with an unknown foundation (Hydraulic Engineering Circular 18 (HEC18) by Arneson et al. 2012) . Between 1969 and 1991, more than 1000 bridges failed; 60% of those failures were due to scour (Briaud et al. 1999 ). Wardhana and Hadipriono (2003) analyzed 503 cases of bridge failure in the USA from 1989 to 2000 and found that the leading causes of bridge failure relate to flood and scour. HEC 18 provides several examples of scour-related bridge damage and failure in the USA. For example, during the 1987 spring floods, 17 bridges in New York and New England were damaged or destroyed by scour. Failure of the I-90 Bridge over the Schoharie Creek near Amsterdam, NY, resulted in the loss of 10 lives and millions of dollars in bridge repair and replacement costs (FHWA 2015) . In 1985, flooding in Pennsylvania, Virginia, and West Virginia destroyed 73 bridges. A 1973 national study (FHWA 1973) of 383 bridge failures caused by catastrophic floods showed that 25% involved pier damage and 75% involved abutment damage. A second more extensive study in 1978 indicated local scour at bridge piers to be a problem about equal to abutment scour problems (FHWA 1978; Arneson et al. 2012) . The 1993 flood in the upper Mississippi basin caused damage to 2400 bridge crossings (FHWA 2015) including 23 bridge failures (Arneson et al. 2012 ). The analysis of over 300 Vermont bridges damaged in 2011 Tropical Storm Irene indicated that about 56% of the damaged bridges had scour damage, 30% had channel flanking, and the remaining 14% had superstructure and debris damage (Anderson et al. 2017) .
As part of the Third National Climate Assessment, Walsh et al. (2014) concluded that some regions of the USA are experiencing an increase in the frequency and intensity of heavy downpours and hurricane-level storms due to non-stationary weather conditions. The northeast USA has seen the largest increases in heavy precipitation with a 71% increase in precipitation during heavy storm events (Karl et al. 2012 ); this problem is compounded by the fact that storm events are persisting longer than in the past, further increasing flooding hazard through persistent wetness and lack of ground surface infiltration capacity during long periods of rainfall (Guilbert et al. 2015) . The recent increase in extreme rainfall events and persistence leads to non-stationary streamflow return period estimates. The latter refers to the observation of parameters (e.g., watershed streamflow parameters such as mean or variance) that change with time. This can lead to infrastructure that does not meet necessary design criteria throughout time. The northeast USA is not alone in experiencing this phenomenon; numerous studies show that flooding risk is increasing throughout the world in places such as China (Fu et al. 2013) , England (Fowler et al. 2005) , India (Rajeevan et al. 2008) , and Switzerland (Schmocker-Fackel and Naef 2010) . This leads to more devastating and frequent flooding events, further straining infrastructure and increasing the need for cost-effective scour mitigation for bridges. Retrofitting the thousands of existing undersized and scour critical bridges to the current standards is prohibitively expensive; requiring effective yet economical countermeasure techniques.
Standard practice for evaluating scour comes from the Hydrologic Engineering Circular 18 (HEC-18) from the Federal Highway Administration (FHWA) that uses empirical correlations to estimate scour based on a one-dimensional flow velocity (Arneson et al. 2012) . Most of the empirical correlations were developed using laboratory flume studies that have difficultly predicting bridge scour in the field due to scaling issues. Scour equations are generally known to be overly conservative and frequently overestimate scour depth. For example, Sheppard et al. (2014) performed a comprehensive review of nearly all scour equations and found that the HEC-18 method underestimated scour depth only 0.3% of the time; but its normalized standard error in predicting scour depths is 21%. The paper concludes that all the equilibrium scour equations overpredict the field-measured depths. This is especially true for larger structures, for which the current scour equations are not accurate enough to account for the design flow event, resulting in scour depths that are unreasonable for design (Sheppard et al. 2014) . The variability of scour and streamflow estimates highlights the need for a different approach to both estimating streamflow and scour remediation techniques.
Adding complexity to the linkages between bridge scour and damage is the fact that roads and bridges often encroach rivers and streams' floodplains, which can substantially restrict streamflow area. Lack of floodplain access thus often increases stream velocities, worsening in-stream incision and bank erosion, and in turn, increasing bridges' vulnerability to scour. Developing effective yet economical mitigation strategies that reduce stream velocities and bridge scour during large flow events helps to balance the trade-offs between human infrastructure needs and protection of the natural environment for longterm sustainability.
This research studies the efficacy of using approach embankments as intentional sacrificial fuses to minimize the bridge damage by reducing potential scour. A sacrificial approach embankment design would allow streams to access their floodplain during highflow events, reducing channel velocities, and correspondingly, the potential destruction associated with bank erosion and bridge scour. The concept of using a sacrificial embankment as a fuse operating during normal and high-flow events is depicted in Fig. 1 . During normal flow events, the embankments are sufficiently armored such that they do not wash away. However, during high-flow events, the embankment is quickly eroded and allows the river access to its floodplain. This reduces the velocities underneath the bridge by channeling flow around the bridge and into the floodplain. This concept can prove effective as a scour countermeasure technique for both existing and new bridges.
A very limited amount of research was found on the use of sacrificial embankments in hydraulic bridge design; however, there is a notable body of work on fuse-plugs for earthand rock-filled dams. A fuse-plug spillway, as defined by the United States Bureau of Reclamation (USBR), is a form of auxiliary spillway consisting of a low embankment specifically designed to be overtopped and washed away during a large flood. The first physical hydraulic model study of fuse-plugs was performed by the USBR to determine their usefulness for flood control dams in the 1980s. The report (Pugh 1985) concluded that a properly designed fuse-plug embankment would predictably wash out when a large flood needs to pass through the reservoir.
A detailed hydraulic analysis of fuse-plug designs performed for a canal in Switzerland by Schmocker et al. (2013) found fuse-plugs to be useful in smaller applications, such as along a river or canal. They tested two, scaled, fuse-plug designs in a flume, one with a large inclined clay core and a second having sandy fill with a small clay core. Both designs performed as expected and eroded away in a quick and controlled manner. The authors recommended the sandy fill fuse-plug design over the inclined clay core because of its comparative ease of construction and equivalent performance.
In May of 2011 at the New Madrid Floodway on the Mississippi River near Cairo, Illinois, a fuse-plug along the Mississippi River was activated when the United States Army Corps of Engineers detonated a forward levee to allow the Mississippi access to a large floodplain during a storm reducing the stage of the flood upstream of the breach. Luke et al. (2015) studied the impacts of detonation after the storm and determined that the fuse-plug reduced the flood stage by 0.8 m and was an important factor in minimizing damage to Cairo. Luke et al. (2015) suggest that future hydraulic modeling studies on breach geometries and floodplain activation techniques would be useful to the New Madrid Floodway and others with similar geometries. In addition, other researchers have proposed similar mechanisms to reduce flood stage and velocities by purposefully breaching key levees as a flood mitigation technique (Jaffe and Sanders 2001) . Translating fuse-plug designs from a levee situation to a sacrificial embankment situation is feasible because levee and bridge embankments share many of the same design characteristics. Sacrificial embankments help address a core problem related to scour, constriction of the stream at the bridge site, by widening the bridge during extreme flow events. Many scour countermeasure techniques rely on increasing resistance to erosion, often impacting in-stream habitat and riparian areas, which is minimized by using sacrificial embankments.
The research presented here has two main objectives. We first demonstrate the functional and economical effectiveness of sacrificial approach embankments in substantially reducing bridge scour. The second objective illustrates the benefits of reconnecting a stream to its floodplain during large flow events with sacrificial embankment installation by reducing the stream stage and velocity. To incorporate uncertainty in streamflow return periods, a Bayesian approach was used to estimate the confidence intervals associated with the return periods. We also interviewed practicing professional engineers to assess the feasibility of implementing this concept in practice; a summary of these interviews is also included.
Methods
To analyze the effectiveness of the sacrificial approach embankments in reducing bridge scour, we made some reasonable assumptions to simplify the hydraulic model. First, we assumed that when a flood wave hits a bridge, a well-designed sacrificial embankment immediately erodes away. Using stream gauge data from the United States Geological Survey (USGS), we developed a Bayesian estimator to generate a distribution of possible streamflow return periods to test the efficacy of incorporating a sacrificial embankment under non-stationary climatic conditions. We evaluated three existing bridges that cover a broad range of structural and hydraulic characteristics and analytically modeled the effectiveness of sacrificial embankments to reduce scour at these bridges. The study is designed as a ''proof of concept'' and is not meant to make specific recommendations for the select bridges at each study site. Although the study used data from the northeastern USA, specifically the state of Vermont and the 2011 extreme flooding event of Tropical Storm Irene, the methodology presented here is applicable to other settings.
Study sites
We used three example bridge sites in Vermont for our analysis. The relevant characteristics of each bridge are summarized in Table 1 . Note that the ''Federal Sufficiency Rating'' is based on the United States National Bridge Inventory inspection program, where bridges are given a score from 0 to 100 based on their condition. A score of 100 is considered to be in perfect condition, and a score of zero represents a bridge that is unusable or entirely deficient. According to the FHWA, ''any bridge with a sufficiency rating of 50.0 or less is eligible for replacement or rehabilitation, while bridges with a sufficiency rating of 80.0 or less are eligible for rehabilitation'' (Burrows and Everett 2015) . The first bridge, labeled ''Bridge 1,'' was built in 1992, crosses the Winooski River and is considered at lower risk of failure due to scour at the 100-year storm design because of its age, geometry, and foundation type and depth. The second bridge spanning the Lamoille River (Bridge 2) was built in 1985 and is a general example of a bridge with a ''moderate'' risk of failure due to scour at the design storm. In addition, the Federal Inspection report noted that the stream has a slight chance of overtopping the roadway during the 100-year storm event. The third bridge, also crossing the Lamoille River (Bridge 3), was built in 1928 with a steel pony truss and simple slab foundation at an unknown elevation below the original streambed surface. The foundation depth was assumed to be 1.8 m below the original streambed elevation as per standard Vermont Agency of Transportation practice (Wark et al. 2015) . The bridge is considered functionally deficient by federal standards. Substantial repairs are needed for both the superstructure and substructure. One abutment is cracked, rotated and in need of repair; the other abutment is also cracked. This structure represents some of the worst-case bridge scenarios-those in need of repair and having unknown foundations.
Streamflow return period estimates under non-stationary conditions
Bayesian statistics, first proposed in a hydrologic context by Wood and Rodríguez-Iturbe (1975) , has become an increasingly popular method for accommodating uncertainty in streamflow return period estimates. The Bayesian estimation of streamflow return periods allows uncertainty to be incorporated into designs because it provides a range of possible values for design parameters compared to single estimates (Botto et al. 2014) .
According to Bayes theorem (Eq. 1), we can find the probability of observing an event A given a new piece of evidence B (known as the conditional probability) by multiplying the reverse conditional probability of B given A, with the probability of A, and dividing by the probability of B.
P AjB ð Þ ¼ PðBjAÞPðAÞ PðBÞ ð1Þ
For this paper, A is defined as one of the log-normal distribution parameters, l or r associated with the maximum annual streamflow measured over a period of n years; and B is defined as the maximum measured streamflow in each year. Using measured annual stream flow maxima, we may estimate the log-normal distribution parameters, l and r of the annual maximum streamflow. A two-parameter log-normal distribution was used over the more conventional Log-Pearson Type III three-parameter distribution based on work by Laio et al. (2009) . They suggest that if the aim of flood frequency analysis is extrapolation to rare events with the smallest possible estimation error, then it could be convenient to select a two-parameter distribution even when the parent is a three-parameter distribution. We utilized an analytical solution to the Bayesian estimation of the log-normal distribution parameters, l and r, to develop our Bayesian return period estimates. The data passed the Shapiro-Wilk W goodness of fit test for normality using JMP Pro Version 12.
For the purposes of this paper, an example dataset was tested using streamflow information from the USGS National Water Information System (NWIS). These data are openly available and often have instantaneous, daily statistics, monthly statistics, and annual statistics. The NWIS annual maximum streamflows were the primary data used for the Bayesian return period estimator. We used the maximum streamflow recorded in a given water year (October 1 to September 30) measured from the USGS Montpelier stream gauge on the Winooski River (Site Number 04286000) and the Lamoille River (Site Number 04292000).
The Bayesian estimator was then run for the length of the datasets (77 and 89 years for the Winooski and Lamoille Rivers, respectively). The estimated Bayesian outputs contained distributions of l and r for each year. Based on observed changes in the distributions with respect to time, we assumed the l parameter was stationary with respect to time, and that r could change. We then developed confidence intervals for the r parameter, and used these as input into the log-normal distribution to estimate the potential return periods associated with each confidence interval. The associated flows for each confidence interval for both the Lamoille and Winooski Rivers are shown in Fig. 2 .
Estimation of scour depths for sacrificial and non-sacrificial embankments
A review of inspection photographs of Vermont bridges damaged in Tropical Storm Irene revealed that 93 out of 313 damaged bridges with spans greater than 6 m (Anderson et al. 2017 ) experienced erosion of the soil behind the bridge abutments (flanking), and did not show substantial signs of scour (around and under pier and/or abutment foundation). Two photographs, highlighting the differences between scour damage and flanking damage, are provided in Fig. 3 . Flanking damage is very similar to the type of damage that a bridge with a sacrificial embankment might experience. The primary difference between flanking and scour damage is that flanking mainly occurs around a bridge abutment and tends to destroy the road and embankment, but does not threaten the structural integrity of the bridge. According to HEC-18, scour damage results from high velocity due to flow contraction, erosion along abutments, erosion along piers, or the long-term downcutting of the channel. Scour depths at the studied bridges were calculated using the most current methods recommended in HEC-18 (Arneson et al. 2012) . For the bridge without a sacrificial embankment, we used both methods (NCHRP and Froehlich's Abutment Scour Equation) without any modifications. The equations for the Froehlich method are shown in Eq. (2).
where y s is the scour depth, y a is the average depth of flow in the floodplain, K 1 is the coefficient for abutment shape, K 2 is the coefficient for angle of embankment to flow, L 0 is (2014) the length of active flow obstructed by the embankment, and Fr is the Froude number of the approach flow upstream of the abutment (Arneson et al. 2012) . Each parameter is an output from the HEC-RAS model, and used as input into a MATLAB (Version 2016b) script to calculate y s . For the sacrificial embankment, we used the National Cooperative Highway Research Program (NCHRP) method (Arneson et al. 2012) for the situation when a bridge embankment is flanked (''Scour Condition C''), which is analogous to a sacrificial embankment scenario. In addition, we assumed that when the embankment is removed, the abutment could be treated as a pier and accordingly used the relevant pier scour equations (CSU equation) as a way of verifying the NCHRP method.
Scour repair cost estimates
Anderson et al. (2017) reported that 326 Vermont bridges were damaged in Tropical Storm Irene, which deposited up to 200 mm of rain and had an estimated return period in excess of 100 years in most areas of Vermont and in excess of 500 years in some areas. Of these 326 bridges, 313 bridges had span lengths longer than 6 m. Anderson et al. (2017) had access to repair/replacement cost estimates for a total of 96 bridges, and clustered the observed damage into four categories-slight, moderate, extensive, and complete (Fig. 4) . Descriptions of these damage categories are summarized in the rightmost column of Table 2 . The horizontal line and asterisk in each box plot represent the median and mean, respectively; the edges of the box are the 25th and 75th percentiles, and the whiskers extend to the most extreme data points not considered outliers. Outliers are plotted individually. We fit curves through the medians and upper and lower quartiles of each damage Fig. 4 Estimated cost of repair for bridges damaged in Vermont during Tropical Storm Irene. The asterisk represents the mean, bar the median, the box the 25th and 75th quantile, the whiskers the 95% confidence interval, and ?'s are outliers. Data source: Anderson et al. (2017) category. These curves, presented in Fig. 5 , provide reasonable estimates of the median, upper, and lower bounds of repair costs per deck area for typical Vermont bridges for each of the four damage categories. For the purpose of this study, we redefined the level of damage in terms of the estimated scour depth compared to the depth of foundation (the middle column of Table 2 ), as reflected in the horizontal axis of Fig. 5 so we could relate calculated scour depth to remediation cost estimates. The median repair costs along with the upper and lower quartile costs for each category are best fit using curves (Fig. 5) to estimate corresponding scour damage repair costs for the example bridges considered in this work. Anderson et al. (2017) reported that the affected Vermont bridges in Tropical Storm Irene had an estimated average cost of $108,000 ($120 per square meter of deck area) to repair damage from flanking. In comparison, scour damage was estimated to cost $260,000 on average to repair ($318 per square meter of deck area). The bridge damage data from Tropical Storm Irene showed that complete bridge replacement can cost hundreds of thousands of dollars or even millions, and take months to years to complete, whereas washed-out approaches can be reopened temporarily for emergency service hours or days after the flood subsides and require a simpler repair compared to scour damage. This research treats flanking damage as an analogous substitute of a sacrificial embankment for the purposes of cost estimates. In this work, we assume the cost of constructing a sacrificial embankment to be similar to the estimated repair costs of flanking damage for bridges damaged in Tropical Storm Irene. We estimate repair costs using the methods described previously in this section and then add a cost for installation and replacement of the sacrificial embankment to the estimated scour damage costs. These additional installation and repair costs are estimated using the repair costs associated with bridges that experienced flanking damage during Tropical Storm Irene.
Hydraulic modeling techniques
Hydraulic modeling for the selected bridges was performed using the Hydrologic Engineering Center's River Analysis System Version 4.1.0 (HEC-RAS). HEC-RAS is a onedimensional river modeling software package that uses streamflow, channel geometry, and estimates of Manning's n values to solve the one-dimensional St. Venant's equations to develop stage, discharge, and water velocity estimates. The original models were developed and calibrated by the USGS (Winooski) and Milone and MacBroom Vermont office (Lamoille), and we modified them to incorporate non-stationary flows and sacrificial embankments. Storm modeling was performed in a steady-state HEC-RAS model using the 100-year streamflow return period confidence intervals. The confidence intervals corresponding to the streamflow inputs for the Winooski and Lamoille Rivers are shown in Fig. 2 . The HEC-RAS streamflow simulation was performed for each bridge scenario with and without a sacrificial embankment, and the appropriate model output (i.e., stage height, velocity, and bridge geometry) was extracted and subsequently used to estimate scour using the methods described earlier; the latter was performed using MATLAB (Version R2016b).
Interviews of professional engineers to assess the feasibility in practice
To guide future work, we interviewed 11 practicing professional engineers from Vermont and New Hampshire including some with experience in post-disaster recovery and interactions with the United States Federal Emergency Management Agency (FEMA). The engineers were interviewed over the phone and/or via email to assess the feasibility of using sacrificial approach embankments in practice; their responses are summarized later.
3 Results and discussion
Stream flows
Comparisons between the USGS and the Bayesian streamflow estimates for the 10-, 25-, 50-, and 100-year return periods for the Winooski and Lamoille Rivers are presented in Fig. 6a, b , respectively. For both rivers, the Bayesian estimates of the ''most likely return period'' are similar to USGS estimates and, therefore, help validate the modeled results. It is important to note that these are just point estimate predictions used to verify the relative accuracy of the Bayesian estimator. The Bayesian estimator also provides a range of possible streamflows for both rivers based on the confidence intervals, which are reported in Fig. 2. Figure 7 shows a flood stage profile of the Winooski River under a 100-year design with and without sacrificial embankment. The x-axis represents the distance along the modeled Fig. 6 Streamflow return period estimates using a Bayesian Estimator (jagged line) versus USGS estimates from 2014 (straight line) for stream gauge on the Winooski River (a) and Lamoille River (b) section of the main channel (in meters), and the y-axis is the modeled elevation of the stage (in meters). There is a large-scale distortion of 500-unit horizontal to one-unit vertical. The streambed and location of Bridge 1 are labeled for clarity. The solid line represents the sacrificial embankment scenario water elevation for the USGS 100-year flow, and the nonerodible embankment scenario is represented with a solid line and triangles. Replacing the embankment with a sacrificial embankment resulted in a stage reduction of 0.66 m just upstream of the bridge and sizable reduction for another 3.2 km upstream of the bridge. Bridges 2 and 3 showed similar results when installing a sacrificial embankment, with 0.87 and 0.091 m reduction in stage at Bridges 2 and 3, respectively.
Hydraulic model results and scour predictions
In addition to reducing the stage at a given bridge location, a sacrificial embankment can reduce channel velocities substantially by allowing floodplain access during an extreme streamflow event. For Bridge 1 and the 100-year storm design, the main channel velocity reduced substantially, from 3.3 to 2.2 m/s, a 33% reduction in velocity. For Bridge 2, the main channel velocity was reduced from 3.6 to 1.0 m/s (72% reduction), and Bridge 3 had the main channel velocity reduced from 3.3 to 3.0 m/s (9.1% reduction).
Cost estimates and scour predictions
The scour depths calculated for a 100-year flow and the equivalent Bayesian estimated flows show that scour depth was substantially reduced when a sacrificial embankment was installed at Bridge 1 (Fig. 8a) . However, under current flow conditions, it is not likely that the bridge would collapse due to scour from a 100-year flow. Figure 8b compares the costs of repairing the bridge with and without a sacrificial embankment under changing flows, with 50% representing the most likely design flow. The range of costs is due to the variability in estimated scour depths and damage cost categories calculations. Figure 8b shows that Bridge 1 is not an ideal location for a sacrificial embankment under the maximum likelihood design flow. Therefore, installing a sacrificial embankment for Bridge 1 is not economically rational because the mean cost of repairing the damage after a 100-year storm is substantially lower than the cost of installing and repairing a sacrificial embankment. However, the location provides insight into how sacrificial embankments may become cost-effective over time as the magnitude and frequency of extreme storm events may increase. There is a ''crossover'' point at a confidence of *84% when the cost Fig. 8 Calculated scour depth as a percentage of total foundation depth (a) with estimated repair costs (b) for Bridge 1 of the sacrificial embankment system becomes less expensive than the repair costs associated with doing nothing. This result could be helpful to policy makers as it quantifies the risk and uncertainty involved when a sacrificial embankment is not used and helps determine the best course of action based on a range of possible scenarios. Based on these results, this site would require careful monitoring of streamflow over time to ensure that the statistical trends used to estimate the original 100-year return period are stationary. If the statistical trends drift over time to more extreme and/or frequent flow events, installing a sacrificial embankment at that location may become worthwhile. The results of the scour and cost analyses for Bridges 2 and 3 (Figs. 9, 10 ) are presented in the same format as Bridge 1 (Fig. 9) . The calculated scour depth for Bridge 2 was reduced when a sacrificial embankment was installed (Fig. 9a) , and never exceeded the 50% scour depth threshold for any calculation method. Based on current streamflow estimates, the scour equations predict that Bridge 2 might suffer major damage or collapse during a 100-year flow event because the calculated scour depth meets or exceeds the foundation depth (Fig. 9a) . Figure 9b shows it is cost-effective to install a sacrificial embankment under future estimates of the ''100-year'' streamflow; costs are approximately $420,000 less per ''100-year storm'' than the cost of doing nothing beyond the 90% confidence interval. In addition, the removal of the bridge abutment reduces the stage at the bridge by about 0.87 m, which could noticeably lower upstream flooding damages not accounted for in this analysis. Figure 10a shows that Bridge 3 has the greatest risk of failure due to scour, and that at the 100-year flood stage, failure due to scour is almost certain. However, the estimated sacrificial embankment scour depth is substantially smaller, and it is more likely that the bridge would survive the 100-year storm event. On average, it would cost about $58,000 to leave the bridge ''as is'' compared to installing a sacrificial embankment (Fig. 10b) . A secondary benefit of sacrificial embankments is stage reduction; this was not incorporated in the cost analysis. Depending on the geography of the area, the stage reduction could substantially reduce the flooding potential on the town upstream of the bridge.
The above results suggest that sacrificial embankments are an effective scour mitigation technique even if current climatic conditions are stationary under the general conditions presented in Bridge 3. Sacrificial embankments may be effective for the situation presented in Bridges 1 and 2, especially if precipitation and corresponding streamflows become more extreme. In addition, sacrificial embankments are effective in reducing stream stage and velocity during high-flow events and may also help reduce flooding upstream of the bridge.
Practicing professional engineers' opinions on the feasibility in practice
In general, all engineers we interviewed agreed that sacrificial embankments are an innovative idea, and to the best of their knowledge, they were not aware of any bridges where a sacrificial embankment was intentionally designed. Most engineers expressed a willingness to consider using a sacrificial embankment as a scour countermeasure in practice if trial test cases prove its safety and cost-effectiveness. At the top of the list was the need for sufficient studies proving that the sacrificial embankment would only wash away during the design flow event, and not simply during a heavy rainstorm, traffic loadings, or normal high water event. The pavement over the sacrificial embankment would need to support traffic loads adequately, yet wash away with the embankment. All engineers interviewed suggested the need for pilot studies, and that the best place to start may be rural bridges spanning smaller streams with low average daily traffic and unpaved approaches. The engineers strongly suggested that further work assuring the cost-effectiveness of installing a sacrificial embankment, particularly the life cycle costs, is critical.
The following potential issues were identified: (1) A washed away embankment would contribute a large volume of sediment to the stream negatively affecting water quality; (2) right of way and archeological aspects may prevent this solution at some sites; (3) public perception of an engineered fuse that is intentionally designed to fail may be negative; and (4) assurance of public safety. Each interviewed engineer emphasized the importance of item 4-ensuring public safety. In this regard, outreach and education of practicing engineers and general public would be of paramount importance. In terms of safety, they suggested signage and warning systems that alert drivers and pedestrians to not use the bridge when near-critical flows are expected. 
Concluding remarks
The following conclusions are drawn from the work presented here; they are as follows:
1. Sacrificial embankments can reduce bridge scour substantially and provide a costeffective scour countermeasure; 2. Sacrificial embankments provide the secondary benefits of reducing the flood velocities and stage upstream of the bridge site; 3. Bayesian estimation of confidence intervals on streamflow return periods can be useful in designing hydraulic infrastructure to account for non-stationarity; 4. The approach adopted to compute costs based on available data from an earlier extreme event from the region is reasonable and could prove to be an effective tool for policy makers and bridge designers in the decision-making process to account for streamflow return period uncertainty in designing damage mitigation strategies for bridges. 5. The interviewed practicing professional engineers suggested that the use of sacrificial embankments as a scour countermeasure is innovative. All engineers interviewed suggested the need for pilot studies, and that the best place to start may be rural bridges spanning smaller streams with low average daily traffic and unpaved approaches. Each interviewed engineer emphasized the importance of ensuring public safety through validated design of sacrificial embankments for their intended purpose that they would only wash away during the design flow event and not prematurely under traffic loads and smaller storms. Additional research is needed before this solution can be implemented in practice; and 6. Although the study used data from the northeastern USA, specifically the state of Vermont and the 2011 extreme flooding event of Tropical Storm Irene, the methodology presented here is applicable to other settings.
